domains of the centromeres are maintained in a deacetchromosomes that is necessary to enable the separated ylated state. sister chromatids to opposite spindle poles. Others are required to generate the unique chromatin structure that Results is found at centromeres and is essential for equal segregation.
mosome missegregation phenotype that resulted in the culture temperature was shifted to 36ЊC after longterm growth at 26ЊC. Binucleate cells containing large large and small daughter nuclei at 36ЊC ( Figure 1A ). Previous analysis of mis6, mis12, and cnp1 has estaband small daughter nuclei reached 60%-80% after 6 hr in all mutants, as the viability declined to 20% (data not lished that this phenotype is the hallmark of mutations in authentic kinetochore components (Saitoh et al., 1997;  shown). The increase in cell number reached a plateau after increasing around 8-fold. This high frequency of Goshima et al., 1999; Takahashi et al., 2000). These strains comprised five groups, designated, mis14-271, unequal chromosome segregation generated aneuploid cells that could undergo a few rounds of division but -634, mis15-68, mis16-53, mis17-362, and mis18-262, -818 ( Figure 1B) . None of them was linked to any lost viability. We next asked when nitrogen-starved G1-arrested known loci.
The binding of GFP-labeled Lac repressor to a centromutant cells would lose viability upon introduction into a nitrogen-rich complete medium under restrictive conmere-linked array of Lac operator repeats (Experimental Procedures) was used to confirm that the large and ditions (36ЊC) that would induce them to re-enter the cell cycle and commence log phase growth. FACS analysis small daughter nuclear phenotypes were indeed due to unequal segregation of chromosomes. All of the seven confirmed that re-entry into the cell cycle and S phase was synchronous ( Figures 1E and 1F , left panels for strains cultured at 36ЊC showed a high frequency of chromosome missegregation ( Figure 1C ). Hence we mis16-53 and mis18-262, respectively). In the mis16 mutant, the first mitosis (5 hr) was completely normal, concluded that the correct segregation of chromatids to opposite spindle poles requires the function of the and the unequal segregation of chromosomes occurred in the second mitosis (7-8 hr, right panel). Cell viability Mis14-Mis18 proteins.
decreased as the second mitosis generated unequal chromosome segregation. Essentially the same results Specialized Centromere Chromatin Is Disrupted in mis14-mis18
were obtained for mis18-262 ( Figure 1F ), mis14-271, mis15-68, and mis17-362 (data not shown). Therefore, The chromatin of the central centromere has an organization that is distinct from that of the outer repeats and in order for missegregation to occur, these mutant cells had to be continuously maintained at the nonpermissive the chromosome arms. This difference is revealed as a smeared digestion pattern upon micrococcal nuclease temperature from the previous mitosis. In other words, kinetochore proteins had to be maintained in an inactive (MNase) of the central centromere as opposed to the nucleosome ladders seen on digestion of other chromastate from one mitosis until the next. Restoration of protein function at any point between two mitoses entin. In order to analyze the structure of the chromatin in the centromeres of these novel mutants, nuclear chroabled cells to segregate their chromosomes correctly. These results suggest that kinetochore structure may matin was prepared from wild-type and mis14-mis18 mutants cultured at 36ЊC for 8 hr and probed by microbe maintained throughout replication and that a single kinetochore can give rise to two functional daughter coccal nuclease digestion ( Figure 1D ). The smeared pattern in the central centromere was greatly reduced in kinetochores without needing to recruit functional components that are not already part of the kinetochore. mis14-mis18 mutants and replaced with the more ordered nucleosome ladders that are typical of the outer However it is possible that the first cycle after release from nitrogen starvation is slower than the second, and repeats. This suggested that Mis14-Mis18 were required for the formation or maintenance of specialized these mutants might only affect kinetochore function during rapid cell cycles. chromatin of centromeres. The small amount of smeared chromatin that persisted in the mutants was probably due to incomplete penetrance of the particular mutant Sequence Comparisons of the mis14 ؉ -mis18
؉ Genes and Their Gene Products alleles used.
Gene cloning was done by transformation of mutant strains, and the mutant alleles were sequenced and the
Loss of Viability Coincides with Missegregation
We examined the phenotypes of the mutants in detail. We changes in amino acid sequence are depicted in Figures  2A-2D . Mis14 (Spac688.02c) shows weak similarity monitored the degree of unequal chromosome segregation, cell number, and viability of the mutant strains (mis14-(23% identical) to the budding yeast S. cerevisiae Nsl1, a kinetochore protein (Figure 2A ) that is also predicted 271, mis15-68, mis16-53, mis17-362, and mis18-262) as 
tion of the mis16
ϩ gene by one-step replacement showed that the mis16 ϩ gene was essential for cell viability. The Ura ϩ mis16 null spores germinated and frequently (more than 50%) displayed severe unequal segregation of the chromosomes before they ceased cell division (Supplemental Figure S1 at Figure 2D ). Mis18 (Spcc970.12) failed to give any indication of any characterized functional domains. Gene disruption indicated that mis18 ϩ was essential for cell viability (data not shown). Gene-disrupted cells frequently ‫)%03ف(‬ produced the unequal sized nuclei (Supplemental Figure S2 on Cell website). Mis18 has homologs in vertebrates (e.g., human C21ORF45 and OIP5 designated hMis18␣, ␤, respectively).
In order to identify and study the protein products of mis14 ϩ -mis18 ϩ genes, the products' chromosomal genes were tagged with 8myc epitopes at the C terminus by a standard replacement method. The tagged genes were functionally equivalent to the wild-type genes as they did not appear to induce any defects in mitosis. As seen in Figure 2E , the Myc-tagged Mis14, Mis15, and Mis16 were detected in extracts of the integrant strains by immunoblotting. The level of Mis16-myc was the highest of all these molecules. Mis17-myc produced GFP were identical to those of Mis14-GFP, suggesting Mis15 (pi022; Figure 2B ) exhibits weak similarity (21% that Mis15-GFP and Mis17-GFP were located at the identity) to the budding yeast Chl4/Mcm17/Ctf17, a kikinetochores ( Figures 3B and 3D) . In sharp contrast, netochore protein (Pot et al., 2003). Chl4/Mis15 has no GFP-tagged Mis16 was enriched in the whole nuclear established protein motif. Mis15 mutant protein contains chromatin region throughout the cell cycle ( Figure 3C ). the substitution W113R. This tryptophan residue is conAt 36ЊC, additional kinetochore/SPB (spindle pole body) served in the S. cerevisiae and Candida albicans Chl4 dots were particularly clear in the interphase. In mitosis, proteins. a diffuse GFP labeling pervaded the whole nucleus. Sequence analysis of the Mis16 ϩ gene (Spcc1672.10) predicts seven WD repeats ( Figure 2C ) and similarity to human RbAp46 and RbAp48 (50%-53% identity ϩ , mis6 ϩ , mis12 ϩ , mis14 ϩ -mis18 ϩ was diffused throughout the nucleus in mis15, mis16, genes were individually introduced into cnp1, mis6, mis17, and mis18 mutants, indicating that the kinetomis12, or mis14-mis18 mutant strains and the transchore localization of CENP-A was impaired in these formants plated at the restrictive (33ЊC -36ЊC) and perstrains. For Mis6-GFP, the proportion of the culture that missive (22ЊC-26ЊC) temperatures ( Figure 4A ). Elevating exhibited dot staining was further reduced to less than cnp1 ϩ gene dosage with the high copy number plasmid 5% and the signal was diffused throughout the nucleus pCNP1 weakly suppressed the ts phenotype of mis6, in mis15, mis16, mis17, and mis18 mutants at 36ЊC (Figmis15, mis16 , mis17, and mis18 mutants, while increasure 5B). However, Mis6-GFP remained as a dot in a ing mis6 ϩ gene dosage did not suppress any mutants mis14 mutant. These results showed that Mis15-Mis18 tested. Plasmid pMIS12 suppressed two mis14 alleles.
were required for the association of Mis6 and spCENP-A Conversely, pMIS14 suppressed the ts phenotype of with kinetochores. mis12-537: high-copy suppression of mis12 and mis14
The frequency with which Mis12-GFP dots could be was thus mutual. These results are represented scheseen was reduced (25%) in mis14 mutant cells but unafmatically in Figure 4A (the arrows indicate suppression).
fected in all other mutants ( Figure 5C ). The localization Synthetic genetic interactions were found between of Mis14-GFP signals was then tested in wild-type and mis12 and mis14: both mis12-537 mis14-271 and kinetochore mutants ( Figure 5D ). The kinetochore localmis12-537 mis14-634 double mutants were lethal at ization of Mis14-GFP was diminished (25% cells) in a 30ЊC (data not shown). Other synthetic interactions were mis12 mutant but normal in other mutants. This demonfound for mis6, mis15, and mis16: three double mutants strated that Mis14 and Mis12 were mutually dependent mis6-302 mis15-68, mis15-68 mis16-53, and mis6-302 upon one another for kinetochore localization, which is mis16-53 were lethal at 30ЊC. consistent with their association in the same complex.
Mis12 and Mis14 were thus recruited to kinetochores, Physical Interactions amongst Kinetochore Proteins independently of defects in the functions of CENP-A, The above results indicated that the functions of Mis12
Mis6, Mis15, Mis16, Mis17, or Mis18. and Mis14 and Cnp1, Mis6, Mis15, Mis16, and Mis17
Kinetochore localization of Mis15-GFP was abolished were closely related. We therefore used a coimmuno-(Ͻ5% cells) in a mis16 mutant and diminished in mis17, precipitation assay to ask whether Mis6, Mis12, Mis14-mis18, mis6, and cnp1 mutants ( Figure 5E ). In mis12 Figure 4D .
affected by mutation of cnp1. Because Mis12 and Mis14 could be recruited to kinetochores, we conclude that Localization Dependencies of Kinetochore Proteins the kinetochore structure was partially retained in mis16 In order to analyze how these kinetochore proteins were and mis18 mutants at 36ЊC. recruited to kinetochores in different genetic backThe kinetochore dot-like signals of Mis16-GFP were grounds, we constructed eight strains in which the prominent in cells at 36ЊC and less obvious at low temcnp1 ϩ , mis6 ϩ , mis12 ϩ , mis14 ϩ -mis18 ϩ genes were perature (20ЊC): Mis16-GFP was seen throughout nutagged with GFP under the control of their native proclear chromatin at 20ЊC. With the exception of mis18, moter and crossed them with kinetochore mutants. GFP none of the kinetochore mutations affected the punctate signals were observed in resulting strains at the restricnature of Mis16-GFP fluorescence ( Figure 5F ). Contive (36ЊC) and the permissive (20ЊC) temperatures (Figversely , the dot localization of Mis18-GFP was only abolures 5A-5H).
ished in mis16 mutants ( Figure 5H ). These results The kinetochore dot localization of spCENP-A was strongly suggested that Mis16 and Mis18 act at the most maintained in a mis14 mutant but greatly diminished upstream level of the kinetochore recruitment pathway (10%-20% dot frequencies) in mis15, mis16, mis17, and for Cnp1, Mis6, Mis15, and Mis17. Mis16 and Mis18, mis18 mutants at 36ЊC ( Figure 5A ). The frequency with respectively, failed to be properly loaded in mis18 and which dots could be seen was scored and plotted to mis16 mutant cells. A summary of dependency relationgive the graphs to the right of the micrographs for each ships between kinetochore proteins with respect to asset of experiments. Note that GFP observation was carsociation with the kinetochore (indicated by the arrows) ried out at a single focal plane so that the signals of GFP could not be seen in a fraction of cells in which the is shown in Figure 5I . Cnp1 Fails to Associate with Centromeres the central centromere probes cnt1 and imr1 coprecipitated as they did in wild-type cells, but coprecipitation in mis16-53 In order to confirm that Cnp1 was absent from the centrowas barely detectable at 36ЊC ( Figure 6A ). An immunoblot with anti-GFP antibodies demonstrated that the meres of mis16 mutant cells, we performed a CHIP (chromatin immunoprecipitation) experiment and immunoapparent reduction in association at 36ЊC was indeed due to a decrease in association rather than to destrucprecipitated GFP-tagged Cnp1 with anti-GFP antibodies from mis16-53 cells. In mutant extracts cultured at 20ЊC, tion of the Cnp1 fusion protein at 36ЊC ( Figure 6B ). Figure  6C , immunoprecipitation using antibodies against Myc cells. High specificities of these antibodies were confirmed in this laboratory. The proteins associated with or GFP established that GFP-tagged Mis18 formed a complex with Myc-tagged Mis16. However, within the nuclear chromatin in interphase ( Figure 7A ). Upon entry into mitosis, however, RbAp46 and RbAp48 no longer sensitivity limits of the assay, we did not detect any coprecipitation of Cnp1 with Mis16 or Mis18. associated with chromosomal DNA but re-associated before cell division: nuclear chromatin staining in telophase was particularly significant for RbAp46. Such drastic changes were specific to the central centromere. In mis12 and clr6 mutants, such changes were themselves, these two molecules can be recruited to the medium SPA are described previously (Moreno et al., 1991 
RNAi was performed for each protein individually and

